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The Electrical Resistance of Metals and Alilioys
in ~heir Hard and Soft States.
It is known that the electrical resistance of
annealed metals is usually smaller than that of metals
in their cold worked state (1). The curve showing the
relation between electrical resistance and annealing
temperature reaches a minimum; continued annealing at
higher temperature produces an increase in the electrical
resistance. In the case of alloys it has been noted
/2) that a second decrease occurs at higher annealing
temperature.
The following work corroborates the observance of
previous investigations. ~he electrical resistance of
cold worked copper, gold, nickel, and iron decreased
with annealing and then increased, the minimum being
around 3000 C. or 4000 C. Monel metal showed a minimum
resistance followed by an increase which in turn was
followed by a second decrease.
(1) Gredner; zt.f.Physic. Ch. 82 (1913), 476.
Borwell; Tr. A.I.] .E. 49 (1914) 753.
(2) Tammann and Wilson; Zt.f. anorg. u. allg. Ch.
173, (1928) 162.
1Fig. 1.
2Manipulation:
• The metals to,be investigated were melted into
buttons weighing approximately 10 grams. These were
hammer~d into sticks, annealed to render them ductile
and then drawn out without further annealing into
wires about one meter long and 0.5 mm. in diameter.
The wires were coiled upon fused silica tubing, placed
in a thermostat at 180 C.t and the resistance measured
on a standard Wheatstone bridge. Without unwinding
the wires from the tubes, they were placed in an elec-
trical resistance furnace and annealed for one hour at var-
ious temperatures in an'atmosphere of pure hydrogen gas.
The annealing apparatus is shown in Fig. 1. Hydrogen was
purigied by means of a train consisting of the usual
sulphuric acid and potassium permanganate bottles with
copper tubes and calcium chloride tubes. The metals'
were cooled in this same atmosphere. Upon removal from
the furnace no oxidation coatings were noted.
Results:
Results obtained are tabulated as follows:
"Table 1
GOLD
Length of wire 92.5 cm.
Cross-section area 0.0012584 aqvcm,
Temp. °C. Resistance Sp.res. % increaseOhms Ohms
Room 0.454 0.000006165
100 0.455 0.000006179 fO~227
200 0.449 0.000006109 -0.908-
300 0.445 0.000006052 -1.830
400 0.448 0.000006094 -0.150
500 0.449 0.000006116 -0.794
600 0.449 0.000006116 -0.794
700 0.437 0.000005943 -3.630
800 0.440 0.000006102 --1.020
900 0.429 0.000005950 -3.487
4Table..2
COPPER
Length of wire 147 cm.
Cross-section area 0.0014479 cmve q,
o r : Resistance Sp.res.Temp. C. Ohms Ohms % inorease
100 0.186 0.0000018806
2QO 0.178 0.0000017797 -4.32
300 0.177 0.0000017895 -4.84
400 0.190 0.00000;t900B -1.07
500 0.196 0.0000019817 -5.32
600 0.201 0.0000020600l 9.81
700 0.204 0.0000020899 .11.13
800 0.207 0.0000021218 12.77
900 0.200 0.0000020501 9.27
5Table 3
NICKEL.
Length of wire 119 cm.
Cross-section area 0.005'75 cm. square.
Temp. o C. Resistance Sp. res.
Ohms Ohms '% increase
100 0.433 0.000009453
200 0.420 0.000009086 -3.88
300 0.399 0.000008753 -7.40
400' 0.393 0.000008496 -10.09.
500 0.406 0.000008864 -6.22
600 0.412 0.000008995 -4.84
700 0.418 0.000009126 -3.85
800 0.424 0.000009257 -2.07
900 0.430 0.000009358 -1.74
6Table 4
IRON
Length of wire 125 cm.
Cross-section area 0.0014863 sq. cm.
Temp. °C. Resistance Sp. res. % increaseOhms Ohms
100 1.135 0.0000013496
200 1.126 0.0000013388 -0.082
300 1.115 0.0000013256 -0.180
400 1.103 0.0000013115 -0.284
500 1.099 0.0000013067 -0.314
600 1.126 0.0000013557 10.045
700 1.135 0.0000013714 10.161
800 1.140 0.0000013775 10.207
900 1.145 0.0000013848 lO~'261
7Table 5
MONEL
Length of 'ribbon85 cm.
Rolled to a strip.
I
Temp. 0 c. Resist. Ohms % increase
166 3.600
I 200 3.545 ~1.527
1
300 3.~53 -3.528
400 3.395 -8.472
0
500 3.382 -6.055
600 3.370 -6.388
700 3.240 -10.000
800 3.155 -12.361
900 3.100 -13.888
8Table 6
SILVER-COPPER ALLOY.
(Ag 98%, Cu 2%)
Length of wire 160 om.
Cross-seotion area 0.0014863 sq. dm.
Temp. 0 C. Resistanoe Sp. Res. o} inorease/0Ohms Ohms
100 0.245 0.0000022759
200 0.240 0.0000022294 -2.065
300 0.213 0.0000019783 -13.093
400 0.209 0.0000019415 -14.675
500 0.235 0.0000021830 -4.086
600 0.242 0.0000022480 -1.230
700 0.245 0.0000022759 0.000
GOLD
anneallng temp. C
annealing temp. °c
IRON
9GOLD:
The change of electrical resistance with an-
nealing temperature of hard drawn gold wire is shown
in Fig. 2. The minimum occurs at 3000 C., and this
is followed by a second decrease which begins at 600~ C.
In this respect the effect of annealing upon gold in its
hard state resembles very closely hard worked alloys.
oThe decided drop at 700 C. may be somewhat exaggerated,
but the lower resistances at 8000 C. and 9000 C. show
that the trend is downward.
NICKEL:
The minimum for nickel occurs at 4000 C., as shown in
Fig. 3. There is no second decrease within the range of
annealing used. It is possible, however, that as nickel
has a high melting point (1452), a second deerease might
occur as this melting point is approximated.
IRON:
As all of the curves have been drawn on the same
scale, the decrease for iron shown in Fig. 4 is not as
great as that obtained for the other metals, The min-
oimum occurs at 500 C.
· )rIrI 300 4?00 ~O( 60g "00 000iDa :;'vv annealing temp. C. s )0
MONEL
~m+~~4-+-~~-~~~~~~~~~~~AH~~~~~F.47+~~4-+-~~-+-16%
1
Annealing Tem~. oC.
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COPPER:
The minimum electrical resistance in the copper
ocuzve occurs at 300 C.,which is followed by a rapid
increase in electrical resistance, the maximum being
8000 C. From this maximum the trend of the curve is
downward, as Fig. 5'indicates.
MonEL.
The minimum of electrical conductivity in the
case of this metal'was observed at 400 degrees C.:
from 400 to 5000 C. increased. Then a second drop
took place which continued until it passed out of the
range of our working temperature, Fig.6.
'This alloy had to be drawn in the shape of a
ribbon instead of a wire, therefore its specific re-
sistance could not be calculated, and the plotting
was done as observed resistance.
SILVER-COPPER ALLOY:
(98% Silver, 2% Copper)
The electrical resistance reaches its minimum
at 4000 C., followed by an increase to 8000 C. In
the case of this alloy, the drop in conductivity is
very large and can be easily seen in Fig. 7.
11
CONCLUSIONS
The change of properties of metals through cold
working has been explained by a number of theories,
such as the amorphous theory, the slip interference
theory, the theory of distorted. space lattice, and
Tammann's theory of change within the atom itself.
The slip interference 'theory seems to be the most
satisfactory explanation for the increase in such me-
chanicsl properties as hardness, tensil strength, and the
elastic limit. It is not especially applicable, however,
to the increa~ed electrical resistance brought about by
cold work. For this phenomenan one of the other theories
appears more satisfactory. The amorphous theory, for example,
states that during cold working deformation takes place
by the slipping of crystal units along their faces. This
slipping due to friction pro-duces enough heat to melt some
'mf the metal. Due to the high thermal conductivity of
metals, the heat is conducted away from the minute portion
of the melted metal at the planes of slipping so rapidly
that the atoms which in the molten condition are in disorder-
ly arrangement, do not have time to arrange themselves
according to their space lat~ice. In other words, as
~he gemetric arrangement is the essence of crystallin-
ity, the material at the planes of slip is amorphous.
12
The amorphous theory states further that such
amorphous material acts first as a lubricant, but later
sets to a hard cement, and experiments have shown that
at ordinary temperatures this material is harder and
stronger then the·crystalline material composing the
grains. With respect to the increased electric conduo-
tivity it is presumed that the flow of eleotricity,
taking place as it d.oesby electrons leaping from atom
to atom (3) has been increased in difficulty by the in-
creas:ed staggering of the atoms in the amorphous materiaJ..
The theory of distorted space lattice is aDplicable
for reasons somewhat similar to the above.
Tammann and Straumanis (4) have shown that the
change in electrical reisitance takes place at a tem-
perature lower than that of effecting a change in crys-
talline· structure. Referring to Fig. 2, the change in
electrical resistance takes plaoe first at 1000 C. where-
as the recrystallization temperature for gold is 2000 C.
Likewise in Fig. 3, the recrystallization temperature of
nickel is 6000 C., whereas the minimum electrical re-
.sistance has already been obtained at 4000 C.
Because of these facts it seems logical to assume
(3) Bridgman "The Electric Resistance of Metals,"
Phys. Rev. 11 (1921), 177.
((4) Zt.f.anorg.u.allg.Ch.169 (1928) 365
13
that co~d work affects not only the crystalline structure
of metals, but also the atoms themselves. The electrical
conductivity of metals is an extremely sensitive property
and is capable of detecting changes within the 00 tals
which even the microscope cannot reveal.
The second decrease in electrical resistance upon
annealing at higher temperatures was noted in case of
monel metal, Fig. 6, a sola~ solution of copper and nickel;
while not satisfactory explanation of this phenomenon can
be advanced at this time it is presumed that the change
is due likewise to a change within the atom.
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